We present the fabrication process of a tool that can be used in standard atomic force microscope (AFM) for in situ characterization of chemical, chemical-mechanical or physical surface modification performed with the same device. The image obtained during scanning contains information about the modified and unmodified topographies for each scanning line, thus quantification of surface topography modification (e.g. wear, deposition) or the change of different parameters (e.g. friction force) can be followed as it occurs. The device allows continuous fluid supply for different localized applications. The reservoir, micromachined into the AFM probe support, is connected to fluidic channels embedded in a V-shaped cantilever. Via the fluidic channels the liquid reaches the tip, where surface modification occurs. With a second cantilever, used only for measurement, the surface modification is characterized in situ. Due to multiple functionality of the device the applications range from nanoscale tribological studies (lubricated and dry conditions) to lithography (deposition, etching).
Introduction
One of the most important instruments in nanoscale material science is the atomic force microscope (AFM). Initially developed for surface characterization [1] , it was adopted in other application fields such as mechanical surface modification [2] , determination of various materials properties [3, 4] and nanolithography [5, 6] .
Here we present a modified AFM probe developed for in situ characterization of surface modification obtained by chemical, mechanical, physical means or by their combination. There are two main aspects that differentiate our device from other AFM probes: (i) it enables in situ investigation of surface modification and (ii) provides continuous liquid flow to a sample surface.
The in situ character of the technique [7] represents an improvement on the nanoscale tribological investigations, since state of the art studies [8] [9] [10] use the same tip for surface modification and measuring. For example, wearing is done at a high load while subsequent imaging is done with the same probe on a larger area applying a smaller load. Since zoom out and change of the load have to be made frequently the contact conditions are changed practically every time the worn region has to be examined. The main advantage of our design is that critical phenomena such as material redistribution during scanning can be followed as it occurs [7] or the removal of thin film coatings can be detected in the very same scanning cycle due to friction change.
The possibility of providing continuous liquid flow to the AFM probe-tip is important for nanoscale in situ tribological studies of lubricated surfaces. Furthermore, it improves other localized chemical and electro-chemical applications carried out with pulled glass capillaries [11, 12] . Continuous fluid supply may also extend the possibilities of dip-pen lithography [5] and so-called nanoscale dispensing [6] as the amount of ink available for writing in a continuous manner is significantly increased.
The concept of fluid transport via channels embedded in a cantilever was proposed earlier [13] but to the best of our knowledge functional devices have yet not been reported. In our design the sharpness of the tip of the fountain pen is not affected by the micromachining due to a different fabrication approach than that described in [13] . It is extremely important to have sharp tips for applications such as nanolithography, localized etching and electrochemical deposition.
Design and working principle
Although the in situ characterization technique was already explained in a previous work [7] , a short description helps in understanding the working principle. The AFM probe for in situ investigation of surface modification consists of two cantilevers separated by a finite distance that allows to a certain extent overlap of the scanning ranges of the two tips (figure 1). A tip located on a multifunctional cantilever generates surface modification along its scanning range (surface modification-SM range), and another tip placed on a so-called detection cantilever monitors in situ the created change. The integrated fluidic channels are encapsulated between two structural thin films from which the multifunctional cantilever of the micromachined fountain pen (MFP) is patterned. The channels connect the reservoir to the tip.
During frame scanning the image consists of a part where no (or little) surface modification occurs, and another part where surface modification is generated on purpose by the multifunctional tip. The nature of the surface modification can be mechanical due to higher pressure exerted on the sample with the multifunctional tip than with the detection tip [7] , it can be chemical due to different fluids released at the multifunctional tip or chemical-mechanical when both effects are present. Two different designs have been considered for which the cross-sectional views along the multifunctional cantilever and the probe support are illustrated in figure 2 . The first type can be fabricated in batch process because the outlet holes are photolithographically defined at the base of the pyramidal tip (figure 2(a)). A focused ion beam (FIB) permits milling of the outlet holes in any place along the facets of the pyramidal tip or even at the tip of the pyramid. Figure 2 (b) shows a schematic of this configuration, which has the drawback that the devices must be processed individually.
The material chosen for the fabrication of the cantilevers was Si x N y due to its excellent mechanical properties and because its hydrophilic nature facilitates fluid transport in capillaries. Due to good chemical resistance of the Si x N y to a large variety of chemicals, the application field of the MFP is hardly limited by the fluids that have to be transported via the channels. The thickness of the cantilevers is chosen in such a way that their elastic properties resemble those of the commercial ones, in order to allow contact and tapping mode operations with standard AFM equipment. The spring constants of the cantilevers can be adjusted by varying the geometrical characteristics of the cantilevers [14] .
Fabrication
The fabrication process of the device is based on the fabrication of standard AFM probes [15] combined with additional techniques for the fluidic functionality. The flow chart of the fabrication process is presented in figure 3 . A 100 nm thick LPCVD Si x N y is deposited at 800
• C on a 100 single-crystal silicon (Si) wafer (a), and it is patterned by reactive ion etching (RIE) [16] (b) in order to obtain the molds of the detection and the multifunctional tips by KOH etching of the exposed Si (c).
Different sizes of pyramidal pits can be obtained in the same etching step due to good selectivity between etch rates of single-crystal Si in various crystalline orientations [17, 18] . The size of the pyramidal pit depends on the Si surface exposed to the etchant and it is limited by the 111 planes. The undercut remains relatively small in 25 wt% KOH:H 2 O solution at 75
• C due to an etch ratio of 80:1 in 100 and 111 directions, respectively. The masking Si x N y layer is stripped in HF (d ) before a new Si x N y layer is deposited on the Si wafer (e). This film is designated to be half the thickness of the cantilevers (300 nm), constituting the first layer of the two which encapsulate the fluidic channels. Opening the outlet holes of the fluidic channels ( f ) is the following step for MFP fabricated in batch process. Photolithographical patterning is possible at the base of the pyramidal pit, but it is difficult if not impossible to pattern well-defined holes on the facets of the pyramid due to accumulation of photoresist in the etched pits. We used Olin 908-17 positive photoresist for photolithography and RIE [16] for removing Si x N y . This process step is not required for the configuration shown in figure 2(b), because milling the outlet holes by FIB can be done as one of the last processing steps.
The fluidic channels are fabricated with a sacrificial polycrystalline-Si technique [19] , the geometry of the channels is defined by micromachining a 0.25 µm thick LPCVD polycrystalline-Si film deposited at 590
• C (g). Due to the nature of the process the deposition is double-sided, therefore the backside polycrystalline-Si layer is removed by RIE, while the front side is protected by photoresist from accidental damage. Subsequently, the fluidic channels are patterned from the front side polycrystalline-Si layer by RIE (h). In our design the channels are 2 µm wide.
A second 300 nm thick LPCVD Si x N y layer is deposited (i) to cover the polycrystalline-Si lines. The detection and multifunctional cantilevers are patterned from the stack of two Si x N y layers using RIE (j ), while the polycrystalline-Si lines remain completely encapsulated. The backside Si x N y layer is patterned by RIE so that a Si x N y ring remains, which will be used later on as etch-stop layer to inhibit Si etching at the edge of the wafer, as shown in figure 4 . The Si ring prevents the MFP probes from falling apart when the Si substrate is removed in KOH. The inlet holes of the fluidic channels that make connection to the reservoir are patterned by RIE (k), these openings are also used as etch holes when the sacrificial polycrystalline-Si lines have to be removed.
The support of the cantilevers is from a 500 µm thick Pyrex wafer, which is chosen because of the good Si/Pyrex etch selectivity in KOH. Processing the Pyrex can be regarded as the second module of the MFP fabrication. The fluidic reservoirs are powder blasted into the Pyrex wafer [20] using alumina particles of 29 µm size (l).
The Pyrex wafer, constituting the support of the cantilevers, has to be bonded to the Si wafer on which the cantilevers are patterned from Si x N y . In order to facilitate the release of the cantilevers in a later stage, the adhesion between the Pyrex wafer and the Si x N y layer must be avoided along the cantilevers. A strong bond is desired at other places, because the Si x N y layer seals the bottom side of the fluidic reservoir machined into the Pyrex. A thin chromium layer deposited and patterned so that it covers just the cantilevers is the typical solution for this problem [15] . For simplicity we adopted another approach, avoiding Cr processing before and after bonding. The alternative is partial dicing (250 µm) of the backside of the Pyrex wafer (m), so that the part where material is removed is to be aligned right above the cantilevers.
Difficulties in anodic bonding of Si x N y directly to Pyrex were observed, but they were overcome by thermal oxidation of the topside Si x N y [21] at 1100
• C in a humid environment for 30 min. The anodic bonding was performed in two stages: pre-bonding at 800 V for half an hour, followed by bonding at 1100 V for another half an hour, both completed in an oven heated to 450
• C. Perfect bonds were obtained with no air inclusions (n), which can partly be attributed to the thin Si-oxinitride interface and partly to the diced lines in the Pyrex through which the air can escape.
The Pyrex part of the wafer-stack is partially diced (300 µm) in the direction perpendicular to the probe-stripes in order to enhance breaking apart the probes after fabrication. The Pyrex is also partially diced along the probe-stripes right above the cantilevers, thus the topside of the cantilevers becomes free (o). The wafer-stack is immersed into a KOH bath in order to completely release the cantilevers (p). This is also the process step where the fluidic channels are etched free by removing the sacrificial polycrystalline-Si lines via the inlet and outlet holes. It is highly important to clean the wafer-stack after the Si and polycrystalline-Si are removed. Inappropriate cleaning will cause adhesion problems when a gold layer is deposited on top of the probes for enhancement of the reflection of the incoming laser beam to the photodiodes. We used for cleaning a HCl:H 2 O 2 :H 2 O (1:1:5) vol% solution at 80
• C, after 2 h of its preparation (allowing generated bubbles to disappear). The probes were left for 12 h in DI water and dried in air. The last fabrication step for the batch processed MFP was sputtering of a 30 nm thick gold layer onto the topside of the cantilevers to enhance optical reflection.
The probes with FIB opened outlet hole need an additional layer on the bottom side of the cantilevers, where the tips are located, in order to avoid charging during FIB milling. We chose a 15 nm thick sputtered Cr layer, which can be removed by wet etching after the holes are drilled into the first Si x N y layer. For this configuration the inlet hole, patterned in step (k), is located relatively far from the pyramidal tip, hence the sacrificial polycrystalline-Si line is just partially removed by KOH during release of the cantilevers. This means that the sacrificial polycrystalline-Si line remains encapsulated between the two Si x N y layers along the cantilever and at the tip, which can be used favorably as end-point detection when the outlet of the fluidic channel is milled into the first Si x N y layer. The rest of the sacrificial polycrystalline-Si line is removed by KOH subsequent to the wet etching of Cr.
The MFP probes are presented in figure 5 , where two different configurations can be distinguished. The design with two reservoirs has the advantage that two different fluids can be used in combination or separately, with the drawback that fluid manipulation is more difficult with ordinary syringe, unless the AFM probe-holder comprises hollow channels that connect directly to the reservoir when the probe is mounted in an AFM. Figure 6 shows the top and bottom views of the MFP cantilevers. The photolithographically defined outlet holes are located at the two opposite sides of the pyramidal tip, as shown in the close-up picture.
Outlet holes can be milled with FIB everywhere on the pyramidal tip. Two examples are illustrated in figure 7 , particularly a probe with the outlet hole at the tip of the pyramid and another with holes milled at the base of the pyramidal tip, similar to the batch processed MFP. The tested MFP has two reservoirs, one for each channel. When only one reservoir is filled, then the fluid column advances only in the channel that is connected to it. The moving meniscus can be followed by the color change of the filled part of the channel.
Experimental results
Typical results of in situ characterization of mechanical surface modification have already been described in [7] , therefore we focus here only on fluid enabled surface modification.
The fluid transport from the reservoir to the tip of the multifunctional cantilever was tested in different ways. The first test was carried out before the cantilevers were coated with gold, in order to allow optical inspection. Prior to testing the devices were annealed in an oven heated to 280
• C, in an ambient environment, for functionalizing of the fluidic channels by eliminating possible organic contaminants deposited on the channel walls. The reservoir was fed with a water droplet and the capillary filling of the channels was observed by color change when the fluid column advanced towards the tip (figure 8). We observed with an optical microscope that the water flowed virtually instantaneously into the treated channels, caused by the driving capillary pressure of several bars [22] . The filling speed decreased with time, so that after storing the samples for three days or more the heat treatment had to be repeated.
The fluid transport in the gold-coated MFP probes was checked with the resonance frequency shift of the cantilever with water filled channels compared to that with empty channels. The cantilever was excited in tapping mode AFM. A 3.2% increase of the mass of the cantilever beams was expected when the channels are filled with water, which is in correspondence with the observed 1.6% shift of the resonance frequency [23] .
When the multifunctional tip comes into contact with the sample, fluid transport should occur to the sample surface. We observed that the adhesion increased four times in water mediated tip/sample contact with respect to dry contact for a Si x N y tip and a single-crystal Si sample covered by native oxide. The pull-off forces were 8 and 2 nN, respectively.
Two typical examples will be presented to prove the principle. Both can be regarded as chemical-mechanical surface modification, since the chosen sample material is chromium (Cr), which is very hard and can barely be scratched with a Si x N y AFM tip. The first test shows the importance of the in situ characterization technique of surface modification in combination with the possibility of supplying fluids locally. The outlet hole of the probe used for this test was FIB milled at the tip of the pyramid, as shown in figure 7 . A 100 nm thick Cr layer sputtered on a single-crystal Si wafer was used as a sample surface and the fluid was chromium etchant Selectipur R (MERCK 111547, ammonium cerium (IV) nitrate-main active component). Frame scanning was performed using the working principle presented in figure 1 for dry conditions and with fluidic contribution. The scan speed was 80 µm s −1 , while the contact force on the detection and multifunctional tips were 5 nN and 0.6 µN, respectively. In figure 9 it can be observed that no surface modification was identified by the detection tip in the overlap region for dry conditions, which demonstrates that the sample surface is hard enough not to be mechanically modified. The surface of less hard materials than Si x N y , such as single-crystal Si, is already mechanically modified during the first scan cycle due to relatively large contact force on the multifunctional tip when the detection tip slightly touches the sample [7] . Liquid (Cr etchant) was inserted into the reservoir with a syringe and the experiment was repeated. Within the first scan cycle we observed a step height of about 16 nm. In the operating range of the multifunctional tip (SM range) the liquid dispensed on the sample attacked the Cr chemically and the reaction product was removed mechanically. High scan speed was used in order to limit the diffusion of the etchant during operation. In the right image of figure 9 we can observe that a sharp line differentiates the modified and unmodified surfaces, which also represents the end of the scanning range of the multifunctional tip. The surface of the etched area is smoother than the surface of the original sample, thus the process can be regarded as local chemical-mechanical polishing.
Although further tests have to be conducted in micro/nano tribology, it is obvious that the MFP probe allows tribological studies with local lubrication. This has been shown by taking the most unfavorable case, when the so-called 'lubricant' chemically attacks the material.
A second test is presented to emphasize that the same multifunctional tip can be used for both purposes, surface modification and detection, when the outlet holes are photolithographically defined at the base of the sharp pyramidal tip, as shown in figure 6 . In this case the laser beam is aligned on top of the multifunctional cantilever. The patterns are created with fluidic contribution and then the detection of the patterns is done by frame scanning with the same tip after it dries. In this manner two lines were etched into a 25 nm thick Cr film (figure 10) using chromium etchant. A line at 90
• orientation to the longitudinal axis of the cantilever was etched by three scan cycles with 5 µm s −1 speed at 5 nN contact force, and another at 45
• orientation by just one scan cycle under the same conditions. The first line was 25 nm deep and 0.8 µm wide (the tip reached the Si substrate on which the Cr was sputtered), while the second was 14 nm deep and 0.35 µm wide.
The example shows the potential of the MFP in lithography, although further optimization has to be made to reduce the critical size of the patterns created with fluidic contribution.
Conclusions
A device was presented which enables continuous fluid supply for localized applications. The MFP enables in situ nanoscale tribological investigations in dry and lubricated conditions. It has also been shown that the MFP can be used for lithographical application, such as removing materials locally, in a controlled way.
The tool was designed in such a way that it is suitable for standard AFM equipment without any modification. Different configurations of the MFP were presented together with the fabrication process. The tool can be fabricated in a batch process if the outlet holes of the fluidic channels are photolithographically defined, enabling an economically viable fabrication which may have a profound impact in AFMbased lithography.
The possibility of mixing two dissimilar liquids or gases at an AFM tip opens new opportunities in localized chemistry studies. With further optimization of the tip geometry, fluid flow-rate (through size of outlet holes and channels, viscosity and wetting properties of the fluid) and the substrate surface, the device will probably meet the requirements for both topdown and bottom-up nanotechnology approaches.
